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1 Glossary

We begin with a glosary of the most common technical words used throughout the
manuscript, to remove any ambiguity for the reader.

Fragment A length of DNA sequence (expected to be up to a few
kilobases in length), which may or may not include its
reads (see inner and outer fragment). ’Insert’ is also
used interchangeably for ’fragment’.

Read A sequence of DNA at the end of a fragment.

Read pair Two reads that are from each end of a fragment.

Inner fragment A fragment, not including the read pairs (Figure S2a)

Outer fragment A fragment (including the reads).

Gap A run of unknown bases, specifically a string of Ns of
length at least one, in a genome assembly.

Soft-clipping Where a read can be mapped to the reference sequence,

but to do so some bases at either end must be excluded
from the alignment. These bases are said to be ’soft-

clipped’.

Read coverage At a given base of an assembly, the number of reads
which are mapped over that base. Synonymous with
read depth.

Fragment coverage As for read coverage, but fragments are considered in-
stead of reads (Figure S2b).

We emphasize that we use ‘fragment’ in circumstances where it does not matter
if the reads themselves are included. If this distinction is important, then we use
‘inner fragment’ or ‘outer fragment’ as necessary.

2 REAPR pipeline

A schematic of the implementation of REAPR is shown in Figure S1. Each step of
the pipeline is described in detail below.

2.1 Perfect and uniquely mapped read coverage

Recall from the main text that two sets of paired end reads were used to anaylse each
assembly. The first (high quality) set is used to generate the coverage of perfectly
and uniquely mapped reads at each base of the genome. This was calculated using
two different methods, depending on the size of the assembly. For small genomes,
the function perfectmap was used, which is essentially a wrapper for SNP-o-matic,
making it easy to run for the end user.

The method for small genomes is extremely fast, but requires a large amount
of memory to run. Therefore, for large genomes we implemented an alternative
method with a low memory footprint. A BAM file of mapped reads was generated
using SMALT, which was then used as input to the perfectfrombam function of
REAPR. Any read mapper that outputs an alignment score can be used at this
stage, provided it outputs the score using the standard tag AS in each BAM record.



The BAM file is then filtered by excluding any read pair where either read of the
pair has an alignment score or mapping score below thresholds chosen by the user.
The alignment score cutoff ensures that the read is perfectly aligned. The mapping
score cutoff will exclude reads that could map equally well to more than one location
in the assembly. These thresholds will vary depending on the mapper used. In the
case of SMALT the minimum mapping score was set to 4, since repetitive reads are
allocated a score up to and including 3. SMALT gives a score of 1 to a match, which
meant that we set the minimum alignment score to be the read length, so that only
reads with a perfect alignment could pass the filtering stage.

2.2 Preprocessing

Samples of the genome and BAM file are used to estimate various statistics before
the pipeline is run on the full data set, as described in the main text. More details
are provided below for the estimation of fragment size and the method of correcting
for bias in coverage for varying GC content.

Since the following method is applied to both inner and outer fragment size dis-
tributions, we shall refer to just ‘fragment’ to include both inner or outer fragments.
The first two million fragments are used to estimate the fragment size distribution,
so that the ‘average’ fragment size can be estimated. The average is taken to be the
mode fragment size, within one standard deviation of the mean fragment size. This
is to account for unusual distributions from some libraries. For example, a bimodal
fragment size distribution commonly arises from a large fragment library (where the
mode fragment size is very small and should not be considered to be the average
size, an example is shown in Figure S8). The minimum, m, and maximum, M, frag-
ment sizes are estimated by taking the 1% and 99" percentiles of the distribution
respectively. A mapped read pair is considered to be proper if the reads are in the
correct orientation and the fragment size lies inside the interval [m, M].

The GC content and fragment coverage is calculated for the first million bases of
the genome, excluding gaps. A window size equal to the average (as defined in the
previous paragraph) inner fragment size is used when calculating the GC content
around each base. The dependency of inner fragment coverage on GC content is
determined by calculating a LOWESS line through a scatter plot of these statistics
using the lowess() function in R (Figure S3d). Any missing values are linearly
interpolated, so that the expected coverage is known for each GC content in the
range zero to 100. Also, the mean fragment coverage is calculated from this sample
of one million bases for use when calculating the FCD error (explained below).

2.3 Generate per-base statistics

The stats function of REAPR generates the following statistics at each base of the
assembly, using information in the input BAM file and perfect and unique mapping
information.

e Inner fragment coverage. We use inner fragment coverage because this more
accurately calls breakpoints than outer fragment coverage (Figure S2b).

e Relative error in inner fragment coverage, taking the expected coverage at a
base using the LOWESS line described above.



e Read depth, broken down into forwards and reverse strands.

e The type of read coverage, broken down into forwards and reverse strands.
The types are (a) proper read pairs (correct orientation and fragment length),
(b) orphaned reads (mate either unmapped or mapped to a different contig),
(c) reads with the correct orientation but wrong fragment size and (d) reads
with an incorrect orientation.

e Perfect uniquely mapped read coverage, calculated using SNP-o-matic (for
small genomes) or from a BAM file of reads mapped using SMALT (for large
genomes).

e The number of reads soft-clipped, broken down into left or right end clipped
and forward or reverse strand.

e The error in outer fragment coverage distribution (FCD error), explained in
next section.

The outer fragment coverage distribution (FCD) is analysed at a given base of the
assembly by considering all outer fragments covering that position (see Figure 1).
The FCD plot is constructed at each base of the genome - Additional file 1 shows
an example for the C. elegans genome in a region where an FCD error was correctly
called. Deviation from the theoretical shape of this plot is measured by taking the
area between the observed and expected values. We refer to this area as the FCD
error for that particular base. A correction is applied to the expected values to
account for the nearest gap (if the gap lies within a fragment length of the base
under consideration).
We use the following notation:

¢ = average outer fragment size
s = start position of gap
e = end position of gap.

When calculating the theoretical plot heights, we normalise the expected depth by
dividing all values by the total number of fragments covering the position of interest,
so that the ideal plot intercepts the y axis at zero. For simplicity, we also shift the
assembly coordinates in the following by assuming that the position of interest is
Zero.

The FCD error is calculated using the formula

[3i/2]
On
D -
b e Zai2 %

where t,, and o, are the theoretical and observed heights of the plots respectively.
Note that this calculation ignores regions further than 1.5¢ from the position of
interest, in order to prevent outliers dominating the result by causing an artificially
large FCD error. We normalise by the mean fragment size, so that the ideal plot
always intercepts the = axis at +i (except in the presence of a gap).

The various cases of gap positions and associated ideal plots are shown in Figure
S9. We now show the equations of the ideal plot height for each case.
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No gap: Figure S9a. If there is no gap within a frament length of the position
of interest, then y is defined by

0, |x| > i
y=< tHx+i), —i<z<0
x—1i), O<z<i
Gap over centre: Figure S9b. In this case, we have
—1<s<0<e<

and we assume that e — s < 7.

The equation of the line is then given by
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1 . .
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Gap near centre: Figure S9c, where the case 0 < s < e < i is shown, that is,
the gap lies to the right of zero. The alternative case is that the gap lies to
the left of zero, so that we have —i < s < e < 0. In which case, we simply
change the sign of s and e so that 0 < s < e < i. Therefore we may assume
that the gap lies to the right of zero. The formula for the theoretical plot is
then given by

(0, |z| >
L (x+1i), —i<x<s—i

s+i—e

S

s—ir<xrx<e—1

s+i—e’

)= ——z+1, e—i<z<0
e+l 0<z<s
1—s+f_e, s<zx<e

1
\ s+i—e

(x—1) e<az<i

Gap far away from centre: Figure S9d. This case can be broken down into
two more cases: we either have

0<s<i<e (%)

or
s<—i<e<0 (#)



Assuming that (%) holds, which is the situation shown in Figure S9d, the
equation of the line is

(0, r<—10rx>Ss
1 . . .
Hx+1), —i<r<s—i
y:
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If instead (#) is true, then we obtain
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2.4 Score each base and locate mis-assemblies

Each of the statistics calculated in the previous stage are used to score each base
of the assembly and to call errors in the assembly. This is performed by the score
function of REAPR. Each metric is analysed by picking a window of fixed length and
finding those windows where at least 80% of the bases in that window fall outside
a given range. FExcept where noted, the default window length is 100bp and the
cutoffs are as follows. The minimum read and inner fragment coverage is 1. There
must be a depth of at least 5 perfectly and uniquely mapped reads, with a window
of 30bp. Repeats are called using the inner fragment coverage, corrected for GC
content as described previously. At each base we consider the relative error in the
observed fragment coverage corrected for the GC content around that base, using a
cutoff of 2. This means a repeat is called when the fragment coverage is twice the
expected value.

At a given base, a count is made of the number of reads which are mapped with
either end of the alignment starting at that base due to soft-clipping. For example,
in Figure S2¢ the count is 10 (the number of red reads). There are four possibilities:
the read could map to either strand and could have the left or right end clipped (in
Figure S2c¢ the strand is not marked, but there are five reads clipped at their left
end and the same number clipped at their right end). At a given base b, let

dy = read depth on forwards strand
d, = read depth on reverse strand
ngy = number of reads mapped to the forwards strand, whose

alignment starts at b due to soft-clipping (left end clipped)
n, = same as ng, but on the reverse strand.
A soft-clipping warning is generated from reads clipped at their left end if d¢,d, > 0

and we have
nfl/df Z 0.5 and nrl/dr Z 0.5.



A warning is generated in an analogous manner by considering reads clipped at their
right end.

The window size used to call FCD errors is the average outer insert size, if this
is less than 1000bp, otherwise half the insert size is used. The FCD error cutoff
is determined by the REAPR function fcdrate, which analyses a sample of the
windows to determine the proportion of windows called as incorrect for a range of
cutoff values (Figure 2). The cutoff is chosen to be the first value found, considering
the largest cutoff first and proceeding in decreasing order, such that the magnitude
of the first and second derivative of the windows called as errors are both > 0.05.

2.5 Breaking the assembly

The errors called are used to generate a new assembly, using REAPR break, in the
following manner. Whenever an error is called over a gap, the gap is deleted and the
assembly is broken at the gap position. Where an FCD or low fragment coverage
error is called, that section is replaced with a gap, i.e. each base in that region is
replaced with an N. If [llumina data are available, then a tool to fill gaps, such as
IMAGE or GapFiller, can be subsequently run on the assembly.

2.6 REAPR output

REAPR outputs several plots, summarising various properties of the reads and the
genome. Figure S3 shows the plots made by REAPR when run on de novo assembly
of S. aureus. The errors and warnings are reported in a GFF file, which can be read
by most genome viewers. An example line showing an FCD error is

Scaffold_1 REAPR FCD 85649 91352 0.520595 \
. Note="Error: FCD failure"

where (fields are tab-delimited and) the FCD error lies in

The summary function reports continuity statistics, such as the N50, of the orig-
inal and broken assemblies, together with a breakdown of the number of errors and
warnings produced. Finally, a utility is provided to make files suitable for viewing
in Artemis for a given scaffold. An example can be seen in Figure S7, which shows
an Artemis screenshot with all the plots generated by REAPR.

3 Application to assemblies and reference genomes

Version 1.0.11 of REAPR was used using the default settings in all cases. This
entailed three steps:

e generate uniquely and perfectly mapped read coverage from a small insert
library;

e generate a BAM file of reads from a large insert library mapped to the assem-
bly;

e run the REAPR pipeline.



The details of these steps are given below for each organism, but the general calls
for steps 1 and 3, except for the mouse and human genomes (see later for the details
of these genomes), were the following.

reapr perfectmap assembly.fasta reads_1.fastq reads_2.fastq \
insert_size perfect_prefix

reapr pipeline assembly.fasta in.bam output_directory \
perfect_prefix

Here, assembly.fasta is the FASTA file of the assembly, the files reads_1.fastq
and reads_2.fastq contain the forward and reverse reads, with an average fragment
size of insert_size, and perfect_prefix is the prefix of the output files. in.bam
is the BAM file of large insert reads mapped to the assembly.

All reads were mapped using SMALT, before marking duplicate read pairs with
the markDuplicates function of Picard (http://picard.sourceforge.net). The
resulting BAM file was used as input to REAPR.

3.1 Staphylococcus aureus

Two distinct datasets were used: data from strain TW20, used to generate and
analyse de novo assemblies, and data from the GAGE website (http://gage.cbcb.
umd . edu/data/index.html). The reference genome of TW20 was downloaded in
the following files.

ftp://ftp.sanger.ac.uk/pub/pathogens/sa/TW20_CDS.embl
ftp://ftp.sanger.ac.uk/pub/pathogens/sa/pTW20_1.embl
ftp://ftp.sanger.ac.uk/pub/pathogens/sa/pTW20_2.embl

FASTQ files from strain TW20 (accession number ERR142616) were assembled
using Velvet version 1.2.03, with k-mers 31, 41, 51, 61 and 71 when running velveth.
The options -ins_length 280 -cov_cutoff auto -exp_cov auto were used in all
assemblies when running velvetg. Each of these assemblies was scaffolded using
SSPACE version 2 in an iterative manner, using the same Illumina reads that were
assembled by Velvet. The minimum number of links needed was varied, using the
-k option, with successive runs with values of 30, 20, 10, 10, 7, 7, 5, 5, 5. The
minimum overlap required between contigs to merge adjacent contigs in a scaffold
was set to 31, with the option -n 31. Reads were mapped to each assembly using
SMALT version 0.6.2, with settings -k 13 -s 2 when indexing the genome. SMALT
map was run with the options -x -r 1 -y 0.8 -i 1000.

REAPR called two false-positive scaffolding errors and five contig errors in the
de novo assembly with k-mer 71. All of these were caused by repetitive regions
within the genome. An example is shown in Figure S10 that is typical of all the
false-positive calls. Repeats caused the read pairs to map with a sub-population of
significantly larger insert sizes, so that the FCD error was high enough to flag an
erTor.

In order to analyse the GAGE S. aureus dataset, the assemblies and short jump
reads were downloaded from the GAGE website. The short jump reads were mapped
to each genome using SMALT version 0.6.2. The genome was indexed with SMALT
index -k 11 -s 2 and mapped with SMALT map using the options-x -r 0 -y 0.7


http://picard.sourceforge.net
http://gage.cbcb.umd.edu/data/index.html
http://gage.cbcb.umd.edu/data/index.html
ftp://ftp.sanger.ac.uk/pub/pathogens/sa/TW20_CDS.embl
ftp://ftp.sanger.ac.uk/pub/pathogens/sa/pTW20_1.embl
ftp://ftp.sanger.ac.uk/pub/pathogens/sa/pTW20_2.embl

-j 2000 -i 5000. The short insert fragment reads were used to generate perfect
and uniquely mapped read depth at each base, by running

reapr.pl perfectmap genome.scf.fa frag_ 1.fastq frag_2.fastq \
165 perfect_out

on each genome. Instead of using the reads from the GAGE website, which were
a subset of the full dataset, we used the original FASTQ files (accession number
SRR022868). The REAPR pipeline was run on each genome using this information
together with the mapped short jump reads using

reapr.pl pipeline genome.scf.fa short_jump.bam out_dir \
perfect_out

Analysis of the comparison of the GAGE Velvet assembly with the reference
genome, using the GAGE code, revealed that REAPR missed calling 18 small in-
sertions or deletions (caused by repeats) as contig errors. 16 of these represented a
length difference between the assembly and reference of not more than 100bp, with
the remaining two less than 200bp. These were not flagged as FCD errors because
the sensitivity was too low when using reads with an insert size of 3.4kb. Eight of
the regions containing these errors were not called with error-free bases by REAPR,
being assigned a score less than 1, showing that the regions could not be trusted.
The remaining 10 regions had reads mapped perfectly and uniquely across them,
which was possible because of the nature of the repetitive sequence. An example is
shown in Figure S11. This type of mis-assembly error did not occur in the de novo
assembly with a k-mer of 71, in contrast to the GAGE assembly with a k-mer of 31.

3.2 Plasmodium falciparum

The P. falciparum de novo assemblies were generated by Velvet version 1.2.03 to
assemble 625bp insert Illumina reads (accession number ERR034295), using k-mers
of 41, 45, 51, 55, 61, 65 and 71. The options -ins_length 625 -exp_cov auto
—cov_cutoff 10 were used when running velvetg. Each assembly was then sub-
jected to three rounds of iterative scaffolding with SSPACE version 2 using the 625b
insert, 3kb insert Illumina (ERR163027-9) and 454 8kb insert reads (ERR102953-
4) in turn. The scaffolding was run using exactly the same method as that of S.
aureus for each set of reads, iteratively decreasing the -k option. The 454 reads
were mapped with SMALT version 0.6.2 with SMALT index options -k 13 -s 2
and SMALT map options -x -r 1 -i 15000 -y 0.8.

During manual verification of the error calls made by REAPR, eight mis-assemblies
were identified that were missed by REAPR (examples are shown in Figure S12),
all of which were caused by repeats. Three errors were false joins caused by repeats
of length 3.5kb, 7.5kb and 18kb. The error caused by the 3.5kb repeat is shown in
Figure S12(a),(b) where it can be seen that the score is less than one (and so the
corresponding bases are not error-free) at the breakpoint. The low score was over a
stretch that was shorter than the window length used for error calling, therefore this
error would be called using more aggressive parameters. The other two false joins
could be called using a significantly larger fragment size library, for example 30kb
fragments to call the join caused by the 18kb repeat. There were two short contigs



incorrectly inserted into the assembly, both of which were flagged when REAPR was
run using the Illumina reads with an insert size of 625bp. The next two errors con-
sisted of extremely repetitive scaffold ends, containing many gaps, corresponding to
subtelomeric regions of the genome that are known to cause assembly problems. One
example is shown in Figure S12¢, where sufficiently long and overlapping stretches
of correctly assembled sequence mean that no error is called. However, both regions
contained gaps that were flagged as incorrect by the Illumina 625bp insert reads.
The final error consisted of an inversion and collapsed repeat (Figure S12d), which
would be possible to call using a library with more uniform read coverage.

In order to analyse versions 2.1.4 and 3 of the reference genome, REAPR was run
twice. All read mapping was performed using SMALT, with SMALT index option -k
13. Both runs of REAPR used the Illumina reads to generate perfect and uniquely
mapped read depth (with an insert size of 625 in the call to reapr perfectmap).
The first run of REAPR used the Illumina reads to call collapsed repeats, and the
second run used the 454 reads to call all other error types. The options -s 2 and
-s 4 were used in SMALT map for the [llumina reads and 454 reads respectively.

The collapsed repeat calls in version 3 of the reference sequence are listed in
Table S5. Although there is some overlap between the call sets, the Illumina data
are more reliable due to the low coverage of the 454 data. Figure S4 shows details
of all the confirmed collapsed repeats in version 3 of the genome. The collapsed
repeat called in chromosome 9 at bases 974450 to 975508 was verified by PCR, were
it was found that there should be two copies of the sequence. This region contains
the GTP-CH gene, which has been previously reported to be present in three copies
in the genome. Since the optical map only suggested that there should be one copy
of this sequence, the evidence points to this region being highly variable between
clones.

The PCR reaction to verify the collapsed repeat in chromosome 9 was performed
using the NEB LongAmp Taq PCR kit. Reactions were cycled on a MJ Research
Tetrad PTC 225 Thermal Cycler using a standard thermocycling consisting of an
initial denaturation at 95°C for 30s, followed by 30 cycles each of 9°C for 10s,
annealing at 5°C for 30s, and synthesis at 6°C for 6mins, and a final extension step
at 6°C for 10mins. Products were electrophoresed and visualised using a FlashGel®
System (Lonza).

REAPR only called five errors in version 3 of the P. falciparum reference genome,
all of which were FCD errors. The region with the largest FCD error (0.75) was in
chromosome 9 at position 1385281 to 1395288. Natural deletions are known to be
commonplace in this region and this is confirmed by optical map (Figure S4e). The
remaining error calls were likely to be false-positives, with FCD errors ranging from
0.54 to 0.6 just passing the FCD error cut-off of 0.49.

3.3 Caenorhabditis elegans

[lumina Lanes (ERR068453-6) were combined and then used to locate FCD errors
within the C. elegans genome. Adapter sequences were searched for in these reads
using SSAHA?2 version 2.5.4, with the options -best 1 -kmer 9 -skip 2 -seeds
2 -score 9 -cmatch 9 -ckmer 5. The output was used to trim adapter sequences
from the reads, discarding any read pairs with one or both mates having length less
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than 35bp. The reference genome was indexed with SMALT index -k 15 -s 4 and
the options -r 0 -x -i 20000 -y 0.5 were passed to SMALT map. Perfect uniquely
mapping coverage across the genome was generated from a merge of three Illumina
lanes (ERR103053-5) using the perfectmap function of REAPR with the insert size
set to 265.

PCR primers were designed to amplify the top 20 FCD error regions using
AcePrimer 1.3. PCR amplifications were performed with GoTaq Long PCR Master
Mix (Promega) under the following conditions: initial denaturation at 94°C for 2
minutes, followed by 35 cycles of 95°C for 15 sec and 65°C for 12 min, and a final
extension at 72°C for 10 min. The PCR products were visualised on a 1% agarose
gel with TAE under UV light after staining with ethidium bromide. The PCR im-
ages are shown in Figure S6, the full details of these regions are in Table S6. For
many of the 20 regions, more than one pair of primers was designed, because the
regions were expected to be difficult to PCR. As remarked in the main text, the read
and fragment coverage across the genome was extremely uneven. A typical region
is shown in Figure S5.

3.4 Mus musculus

Short insert Illumina data from lanes SRR0676: 01, 05, 06, 11, 12, 15, 16, 20, 22-25,
33-36, 41, 45, 46, 48-50, 53, and 70 were mapped to the reference genome using
SMALT. Options -k 13 -s 2 were used when indexing the genome, and options
-r 1 -x -y 0.9 -i 500 were used when mapping. The resulting BAM file was
used to generate perfect and uniquely mapped coverage across the genome using the
perfectfrombam function of REAPR with the following command.

reapr perfectfrombam all.merged.bam 50 400 4 101 out_prefix

Large insert Illumina data from lanes SRR0676: 03, 04, 07, 10, 18, 19, 31, 39,
44, 52, 54, 57, 58, 60, 63 and 69 were also mapped to the reference genome using
SMALT. The genome was indexed using -k 13 -s 2 and reads were mapped with
options -r 1 -x -y 0.5 -i 5000.

3.5 Homo sapiens

Short insert Illumina data from lanes SRR067577-9 and SRRO677: 80, 84, 85, 87,
89 and 91-93 were mapped to the reference genome using SMALT, using identical
settings to those used when mapping the M. musculus short insert data. The result-
ing BAM file was used to generate perfect and uniquely mapped coverage across the
genome using the perfectfrombam function of REAPR with the following command.

reapr perfectfrombam all.merged.bam 50 300 4 101 out_prefix

Large insert Illumina data from lanes SRR0677: 71, 73, 76, 77, 78, 79, 81 and 86
were mapped to the reference genome using the same settings as those used when
mapping the M. musculus large insert reads.
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3.6 Brugia pahangi

We used REAPR to analyse the progress of the ongoing genome project of the
helminth Brugia pahangi (Figure 3). The assembly was made from two lanes of
[lumina paired reads — one short insert library (ERR070030) and a 3kbp insert size
library (ERR068352). The overall contiguity improvement is clear when measuring
the contiguity with the N50 after improvement by REAPR, in contrast to the original
N50 of each assembly. The four stages at which the assembly was analyzed were as
follows.

1. An initial assembly using Velvet.
2. Scaffolding using SSPACE.

3. Gap filling using IMAGE. The resulting scaffolds were split into contigs by
breaking at every gap, then used as input to SSPACE for a second round of
scaffolding.

4. Gap filling using the tool GapFiller.
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Figure S1: REAPR pipeline. Boxes with a blue background denote REAPR func-
tions. The ‘pipeline’ function is a shortcut for ease of use for the end user, which runs
the functions preprocess, stats, fcdrate, score, break and summary in sequence
using the default settings.
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a outer fragment

Figure S2: Inner and outer fragments, and soft-clipping. (a) The difference between
an inner and outer fragment for a read pair. Two reads are shown (black rectangles),
joined by a dashed line to indicate that they comprise a read pair. Outer fragment
includes the reads, whereas inner fragment does not. (b) The difference between
inner (shown in red) and outer fragment coverage (shown in black) plots, over a
breakpoint. The reads shown in red span the breakpoint, which frequently occurs
over a poly(A) tract or other repetitive sequence. The outer fragment coverage does
not significantly drop, but the inner fragment coverage drops to zero since this plot
does not include the reads themselves. (c¢) An example of a soft-clipping plot. The
red reads have been soft-clipped in order to align to the genome. A small deletion
in the genome is a common cause of a stack of soft-clipped reads.
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Figure S3: Plots generated by REAPR after running on the S. aureus Velvet as-
sembly. The read (a) and fragment (b) per-base coverage distribution of the assem-
bly. (c¢) The fragment length distribution, determined by mapped read pairs. (d)
LOWESS line through a scatter plot of fragment coverage versus GC content. (e)
Calculation of the FCD error cutoff. (f) Distribution of per-base FCD error.
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Figure S4: REAPR error calls and confirmation in the Plasmodium falciparum as-
sembly v3. (a) Collapsed repeat (blue rectangles) in chromosome 4. The top plot
shows the GC content, below is the relative error in inner fragment coverage. The
heatmaps show the type of read coverage on each strand: proper read pairs (red),
orphaned reads (green), wrong insert size (blue) and wrong orientation (purple).
The bottom plot shows the FCD error. (b) As (A), but with the sequence fixed by
expanding the repeat. (c¢) Optical map (bottom) aligned to an in silico digest of
chromosome 4 (top). The area marked with a red circle is the region shown in (a).
(d) As (c), but with the corrected sequence. (e) Optical map (bottom) aligned to
in silico digest (top) of chromosome 9 with a red circle marking location 1385281 to
1395288, called as an FCD error. (f) Chromosome 12, showing the repeat at position
974450-975508. The top plot is the number of soft-clipped reads. The second plot
shows the relative error in fragment coverage. The heatmaps follow the same scheme
asin (a). (g) PCR of (f) confirming the collapsed repeat by showing two bands: one
at the expected length and a second at twice the expected length. (H) Optical map
confirming the collapsed repeat called in chromosome 12 at approximate position
1,710,000 (layout identical to (C)).
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Figure S5: A region of the C. elegans genome showing uneven coverage and resulting
FCD error calls. The top plot is the FCD error and lower plot is the fragment
coverage, which varies between zero and 4,700. FCD error calls are marked with
pink boxes. The region at approximately 138,000 was confirmed as an error by PCR.
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genome. Full details can be found in Table S6.
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Figure S7: Artemis screenshot showing all the plots made by REAPR, in the region
where a contig error was called due to an FCD error. The read coverage plot (d)
shows the forwards strand in red and the reverse strand in green. (e) and (f) show
the type of read coverage on the forwards and reverse strands respectively (same
color scheme as that of Figure S4). The soft clipping pileup in (i) is broken down
into the four combinations of reads clipped at their left or right ends and on each

strand.
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Figure S9: Ideal FCD plots, depending on where the gap (if any) lies in relation to
the centre of the plot. The notation used is i=insert size, s=start position of gap,
e=end position of gap. (a) No gap. (b) A gap over the centre of the plot. (¢) A gap
less than one insert size away from the centre (but not on the centre). (d) A gap
within an insert size of the centre, but extending away from the centre.
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Figure S10: ACT screenshot of two typical false-positive REAPR errors calls, in
the S. aureus de novo assembly. The bottom genome is the reference, the upper
genome is Scaffold2 of the assembly, with blast hits shown in blue between the two
sequences. Read pairs are shown in blue, joined by grey lines, with their height in
the figure determined by their insert size. Note the set of read pairs mapped to
the repetitive sequences with a higher than expected insert size. These caused two
FCD errors, shown in pink on the assembly scaffold (the error on the right hand side
contains a gap marked in white) with the corresponding peaks visible in the FCD
error plot at the top of the figure.
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Figure S11: Schematic of how perfect and unique coverage can remain non-zero
over a collapsed repeat. (a) The correct sequence, with two copies of a tandem
repeat shown in red. (b) The assembly with the repeat sequence collapsed. Read
pairs can still map so that the assembly has perfect and unique coverage across the
entire region, despite no fragment spanning across the collapsed repeat (i.e. one read
mapped to the left of the repeat and its mate mapped to the right of the repeat).
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Figure S12: Example false-negative errors in the P. falciparum de novo assembly
with k-mer 55. In all images, the top genome is the assembly and the bottom is the
reference sequence, with BLAST hits shown between the two. The plot shown is the
REAPR score across the assembly (where gaps are given a score of —1) with the low
scoring bases circled in red. (a),(b) A false join, with the same region of the assembly
shown in (a) and (b) but matching to different regions of the reference. There is
3.5kb of sequence in common (shown in yellow) that caused the mis-assembly. (c)
A messy scaffold end, with mis-assemblies caused by repeats. (d) An inversion and
collapsed repeat.
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Organism Assembly Link Low Sqft Low read Low perfect Repeat Improp.er

score clip coverage read coverage read pairs
S. aureus GAGE Reference 8 0 0 0 38 0 42
S. aureus Allpaths 43 0 4 0 32 0 48
S. aureus Bambus2 82 0 7 0 33 0 112
S. aureus MSR-CA 68 5 3 0 48 0 146
S. aureus SOAPdenovo 225 3 34 0 198 0 93
S. aureus ABySS 379 188 8 6 3,804 0 752
S. aureus Velvet 291 0 2 0 153 0 148
S. aureus SGA 1,302 0 6 0 19 0 70
S. aureus TW20 de novo k31 105 0 1 0 190 14 17
S. aureus TW20 de novo k41 105 0 0 0 85 18 10
S. aureus TW20 de novo k51 115 0 0 0 34 17 17
S. aureus TW20 de novo k61 85 0 0 0 20 18 7
S. aureus TW20 de novo k71 85 0 0 0 16 16 3
S. aureus TW20 reference 0 0 0 0 44 2 0
P. falciparum  de novo k41 20,903 356 170 8,460 8,139 73 1,761
P. falciparum  de novo k45 15,981 912 151 9,333 6,150 34 1,555
P. falciparum  de novo k51 10,238 628 120 9,816 3,933 13 1,704
P. falciparum  de novo k55 4,888 295 118 9,179 2,475 30 2,660
P. falciparum  de novo k61 9,288 344 107 8,370 2,549 64 2,566
P. falciparum  de novo k65 11,561 262 98 6,790 2285 18 2,889
P. falciparum  de novo k71 14,119 62 92 2,732 1,499 112 2,551
P. falciparum  Version 2.1.4 794 120 58 17,057 5,294 17 731
P. falciparum  Version 3 713 97 57 17,110 4,923 19 655
C. elegans WS228 348 4 132 23 34,297 43 1139
M. musculus GRCm38 38,830 34,158 23,355 52,016 1,669,216 898 1,146,275
H. sapiens GRCh37 64,529 18,897 37,038 18,028 2,212,778 341 2,357,906

Table S3: Warnings reported by REAPR.
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Version Chromosome Reason Error type Start End Mean FCD error
2.1.4 MAL7 No fragment coverage Scaffold 116,360 117,879 NA
2.1.4 MALS No fragment coverage Scaffold 1,347,480 1,347,843 NA
2.1.4 MAL9 FCD error Contig 1,385,281 1,395,256 0.74
2.1.4 MAL11 FCD error Scaffold 315,762 320,457 0.58
2.1.4 MALI11 FCD error Contig 1,939,993 1,945,040 0.54
2.1.4 MAL12 FCD error Contig 230,065 236,936 0.59
2.1.4 MAL13 No fragment coverage Scaffold 2,805,738 2,806,296 NA
2.1.4 MAL14 FCD error Contig 313,825 318,248 0.56
3 MAL9 FCD error Contig 1,385,281 1,395,288 0.75
3 MALI11 FCD error Contig 315,737 320,480 0.59
3 MALI11 FCD error Contig 1,939,681 1,945,072 0.54
3 MAL12 FCD error Contig 229,985 236,984 0.60
3 MAL14 FCD error Contig 313,801 318,272 0.57

Table S4: Error calls made by REAPR in versions 2.1.4 and 3 of the reference
genome of Plasmodium falciparum.

28



Calls using Illumina data

Chromosome Start End  Coverage
4 547,967 548,078 2.1
4 939,862 940,654 2.3
4 943,362 943,854 2.4
4 945,630 946,397 3.0
4 947,074 947,335 2.0
4 947,533 948,327 2.4
4 949,060 949,977 2.7
4 951,777 952,555 2.3
4 955,224 955,791 2.4
4 957,524 958,339 2.9
4 959,095 959,335 2.1
4 959,360 960,234 2.5
4 960,972 961,875 2.8
6 16,747 16,862 2.1
9 63,764 63,988 2.1
10 1,617,320 1,617,856 2.2
10 1,618,178 1,618,853 2.7
10 1,621,926 1,622,192 2.1
10 1,638,603 1,638,812 2.1
11 65,520 65,819 2.3
11 1,922,836 1,923,239 2.4
12 974,450 975,508 4.5
12 1,708,884 1,709,055 2.0
12 1,710,511 1,711,133 2.4
12 1,712,313 1,712,556 2.2
12 1,713,028 1,713,232 2.2
12 1,714,977 1,715,493 2.3
13 2,378,926 2,379,198 2.1
13 2,796,893 2,797,277 2.4

Calls using 454 data

Chromosome Start End Coverage
1 9,385 21,838 3.3
1 625,970 628,970 2.3
2 930,747 931,958 2.1
3 16,535 16,848 2.0
3 16,913 20,020 2.2
3 20,040 23,339 2.1
3 23,370 24,429 2.0
3 24,440 26,024 2.0
4 946,041 952,353 2.4
5 15,052 15,198 2.0
5 15,352 15,582 2.0
5 15,728 15,840 2.0
10 15,423 18,208 2.2
10 1,661,576 1,661,682 2.0
10 1,662,031 1,663,430 2.1
10 1,664,385 1,665,139 2.1
10 1,665,335 1,674,551 2.3
13 15,073 15,580 2.1
13 15,593 15,710 2.0

Table S5: Collapsed repeat calls in P. falciparum version 3, excluding those in
the mitochondria and apicoplast. The coverage columns show the mean fragment
coverage in the region as a multiple of the expected coverage.
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Scaffold Reason Type Start End FCD error True Positive Comments

velvet.89 No fragment coverage  Scaffold 36,739 36,833 NA 1 scaffolding error

velvet.89 FCD Contig 85701 91,316 0.52 1 deletion from assembly

velvet.89 FCD error Scaffold 337,350 343,185 0.59 1 scaffolding error

velvet.89 FCD Contig 430,401 436,872 0.59 1 deletion from assembly

velvet.89 FCD Contig 476,817 479,096 0.19 0 subpopulation of reads with
too short insert

velvet.89 FCD error Scaffold 480,786 483,165 0.20 1 gap 480,088..480,160 should be
534 bases

velvet.89 FCD Contig 485,765 490,960 0.30 1 deletion from assembly

velvet.89 FCD Contig 719,113 725,564 0.59 1 false join in contig

velvet.89 No fragment coverage Contig 722,391 722,398 NA 1 false join in contig

velvet.89 No fragment coverage Scaffold 756,475 756,548 NA 1 scaffolding error

velvet.89 No fragment coverage Scaffold 826,114 826,184 NA 1 scaffolding error

velvet.89 FCD error Scaffold 939,610 947,065 0.21 1 Very messy region over gaps

velvet.89 FCD error Scaffold 947,578 950,605 0.25 1 Very messy region over gaps

velvet.93 FCD error Scaffold 93,674 102,841 0.31 1 local translocation

velvet.93 No fragment coverage Scaffold 535,587 535,669 NA 1 scaffolding error

velvet.93 FCD Contig 555,885 562,332 0.59 1 false join in contig

velvet.93 FCD Contig 586,757 592,828 0.57 1 false join in contig

velvet.93 No fragment coverage Scaffold 748,213 748,311 NA 1 scaffolding error

velvet.93 FCD error Scaffold 753,902 762,333 0.54 1 multiple errors

velvet.115  FCD error Scaffold 11,630 17,609 0.54 1 scaffolding error

velvet.115  FCD error Scaffold 24,710 30,941 0.48 1 multiple errors

velvet.115  No fragment coverage  Scaffold 86,075 86,148 NA 1 scaffolding error

velvet.115  No fragment coverage  Scaffold 99,223 99,302 NA 1 scaffolding error

velvet.115  No fragment coverage Scaffold 124,161 124,227 NA 1 scaffolding error

velvet.115  No fragment coverage Scaffold 225,271 225,352 NA 1 scaffolding error

velvet.115  No fragment coverage Scaffold 243,944 244,011 NA 1 scaffolding error

velvet.169  No fragment coverage  Scaffold 15,231 15,300 NA 1 scaffolding error

velvet.169  FCD error Scaffold 21,922 28,297 0.41 1 multiple errors

velvet.169  No fragment coverage  Scaffold 32,135 32,219 NA 1 scaffolding error

velvet.169  No fragment coverage Scaffold 140,184 140,257 NA 1 scaffolding error

velvet.169  FCD error Scaffold 177,710 184,585 0.39 1 scaffolding error

velvet.169  FCD error Scaffold 232,390 237,696 0.53 1 multiple errors

Table S8: Error calls made by REAPR in the GAGE Velvet assembly of S. aureus.
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Scaffold Reason Type Start End FCD error True Positive  Comments

scaffold2 FCD error  Contig 92,695 92,944 0.58 0

scaffold2 FCD error  Scaffold 95,877 96,249 0.61 0 Noise around gap due to re-
peats

scaffold2 FCD error  Scaffold 100,850 102,043 0.71 1 Repetitive badly assembled re-
gion

scaffold2 FCD error  Scaffold 402,240 402,798 0.68 1 Negative gap

scaffold2 FCD error Contig 403,877 404,178 0.58 1 Multiple hits to elwhere in
genome

scaffold4 FCD error  Contig 185,376 185,762 0.58 0

scaffold101  FCD error  Scaffold 40,965 41,438 0.66 0 LHS of gap is a reapeat

scaffold11 FCD error  Scaffold 5,805 7,199 0.70 1 Scaffolding error

scaffold19 FCD error Contig 38,616 38,986 0.59 0 Matches reference ok, error
caused by matching elsewhere
with a repeat

scaffold20 FCD error  Contig 30,767 31,064 0.60 0

scaffold22 FCD error  Scaffold 10,882 11,435 0.67 1 Negative gap

scaffold22 FCD error  Scaffold 14,026 14,552 0.67 1 Negative gap

scaffold22 FCD error  Scaffold 15,333 16,557 0.68 1 Negative gap

scaffold23 FCD error  Scaffold 1,460 1,816 0.90 1 Gap should be 430bp long in-
stead of 12bp. This region
also matches another part of
genome where again gap 430bp
in reference

scaffold25 FCD error  Scaffold 3,708 4,006 0.60 1 Negative gap

scaffold25 FCD error  Scaffold 8,722 10,052 0.72 1 Negative gap

scaffold25 FCD error  Scaffold 10,172 10,827 0.69 1 Negative gap

scaffold27 FCD error  Scaffold 2,995 3,495 0.66 1 Negative gap

scaffold27 FCD error  Scaffold 5,279 5,811 0.67 1 Negative gap

scaffold32 FCD error  Scaffold 1,046 1,606 0.67 1 Negative gap

scaffold33 FCD error Contig 986 1,777 0.67 0

scaffold34 FCD error  Scaffold 506 1,053 0.66 1 Negative gap

scaffold35 FCD error  Scaffold 315 768 0.66 1 Negative gap

scaffold41 FCD error  Scaffold 3 835 0.78 1 Negative gap

Table S9: Error calls made by REAPR in the de novo assembly of S. aureus TW20

with a k-mer of 71.
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Scaffold Reason Type Start End FCD error True Positive Comments

scaffold1 FCD error Scaffold 605,738 609,841 0.73 1 Negative gap
scaffold1 No fragment coverage Scaffold 612,891 613,112 NA 1 Scaffolding error
scaffold2 FCD error Scaffold 357,446 364,753 0.78 1 Scaffolding error
scaffold2 FCD error Scaffold 530,381 537,283 0.80 1 Scaffolding error
scaffold2 No fragment coverage Contig 533,360 533,584 NA 1 Scaffolding error
scaffold3 No fragment coverage Scaffold 228,791 229,393 NA 1 Scaffolding error
scaffold3 FCD error Scaffold 247,736 255,511 0.73 1 Scaffolding error
scaffold3 FCD error Scaffold 470,180 478,648 0.73 1 Scaffolding error
scaffold4 FCD error Scaffold 261,947 269,317 0.87 1 Scaffolding error
scaffold5 No fragment coverage Scaffold 16,715 17,356 NA 1 Scaffolding error
scaffoldb FCD error Scaffold 201,098 209,530 0.81 1 Scaffolding error
scaffoldb FCD error Scaffold 453,287 458,164 0.73 1 Scaffolding error
scaffold5 No fragment coverage Scaffold 676,154 676407 NA 1 Scaffolding error
scaffold6 FCD error Scaffold 192,845 200,890 0.77 1 Scaffolding error
scaffold6 FCD error Scaffold 597,917 605,404 0.64 1 Scaffolding error
scaffold6 No fragment coverage Contig 600,296 601454 NA 0

scaffold7 FCD error Scaffold 547,103 553,357 0.78 1 Scaffolding error
scaffold8 FCD error Scaffold 42,158 47,224 0.78 1 Scaffolding error
scaffold9 FCD error Scaffold 514,451 518,626 0.66 1 Deletion from assembly
scaffold10 No fragment coverage Scaffold 299,730 300,095 NA 1 Scaffolding error
scaffold11 No fragment coverage Scaffold 436,472 436,798 NA 1 Scaffolding error
scaffold11 No fragment coverage Scaffold 494,773 498,590 NA 1 Scaffolding error
scaffold12 No fragment coverage Scaffold 466,434 466,847 NA 1 Scaffolding error
scaffold13 No fragment coverage Scaffold 159,639 162,503 NA 1 Scaffolding error
scaffold13 FCD error Scaffold 518,294 523,693 0.81 1 Scaffolding error
scaffold16 FCD error Scaffold 450,893 463,645 0.86 1 Scaffolding error
scaffold16 No fragment coverage Contig 455,792 455,846 NA 0

scaffold17 FCD error Scaffold 5294 10,369 0.90 1 Scaffolding error
scaffold17 No fragment coverage Scaffold 20,160 20,528 NA 1 Scaffolding error
scaffold17 No fragment coverage Scaffold 36,707 37,186 NA 1 Scaffolding error
scaffold17 No fragment coverage Scaffold 269,939 270,290 NA 1 Scaffolding error
scaffold18 No fragment coverage Scaffold 141,263 141,544 NA 1 Scaffolding error
scaffold18 No fragment coverage Scaffold 209,978 218,678 NA 1 Scaffolding error
scaffold18 No fragment coverage Scaffold 379,841 381,107 NA 1 Scaffolding error
scaffold19 FCD error Scaffold 197,962 208,648 0.73 1 Scaffolding error
scaffold19 No fragment coverage Scaffold 362,796 363,397 NA 1 Scaffolding error
scaffold19 FCD error Scaffold 396,569 401,378 0.75 1 Scaffolding error
scaffold20 No fragment coverage Scaffold 56,102 56406 NA 1 Scaffolding error
scaffold21 No fragment coverage Scaffold 155,886 156,219 NA 1 Scaffolding error
scaffold21 No fragment coverage Scaffold 382,895 391,172 NA 1 Scaffolding error
scaffold26 No fragment coverage Scaffold 314,426 316,169 NA 1 Scaffolding error
scaffold27 FCD error Scaffold 80,867 89,146 0.76 1 Scaffolding error
scaffold27 No fragment coverage Contig 83,766 84,330 NA 0

scaffold28 No fragment coverage Scaffold 97,353 98,220 NA 1 Scaffolding error
scaffold31 No fragment coverage Scaffold 69,477 69,704 NA 1 Scaffolding error
scaffold31 No fragment coverage Scaffold 90,135 105,450 NA 1 Scaffolding error
scaffold31 FCD error Scaffold 236,909 244,054 0.73 1 Scaffolding error
scaffold35 FCD error Scaffold 86,789 94,384 0.81 1 Negative gap
scaffold35 No fragment coverage Contig 91,114 91,525 NA 1 Scaffolding error
scaffold35 No fragment coverage Scaffold 172,854 173,063 NA 1 Scaffolding error
scaffold36 No fragment coverage Scaffold 125,374 125,809 NA 1 Scaffolding error
scaffold40 No fragment coverage Scaffold 59,554 60,106 NA 1 Scaffolding error
scaffold40 FCD error Scaffold 174,238 181,540 0.76 1 Scaffolding error
scaffold40 No fragment coverage Contig 177,763 178,345 NA 0

scaffold51 No fragment coverage Scaffold 76,358 77,661 NA 1 Scaffolding error
scaffold52 No fragment coverage Scaffold 33,059 33,256 NA 1 Scaffolding error
scaffold57 No fragment coverage Scaffold 26,646 29,229 NA 1 Scaffolding error
scaffold61 No fragment coverage Scaffold 29,733 30,250 NA 1 Scaffolding error
scaffold63 No fragment coverage Scaffold 29,995 30,448 NA 1 Scaffolding error
scaffold66 No fragment coverage Scaffold 24,564 24,768 NA 1 Scaffolding error
scaffold81 FCD error Scaffold 1,541 8,524 0.86 0 Messy contig end, many gaps
scaffold89 FCD error Scaffold 10,595 15,301 0.68 1 Scaffolding error

Table S10: Error calls made by REAPR in the de novo assembly with k-mer 55 of
P. falciparum
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